ABBREVIATIONS LL = lumbar lordosis; MCID = minimum clinically important difference; ODI = Oswestry Disability Index; PDSI = primary degenerative sagittal imbalance; PI = pelvic incidence; PJK = proximal junctional kyphosis; PT = pelvic tilt; SVA = sagittal vertical axis; TK = thoracic kyphosis; VAS = visual analog scale. Department of Neurosurgery, Spine Center, Seoul National University Bundang Hospital, Seoul National University College of Medicine, Seoul, Republic of Korea OBJECTIVE As life expectancy continues to increase, primary degenerative sagittal imbalance (PDSI) is diagnosed in an increasing number of elderly people. Although corrective surgery for this sagittal deformity is becoming more popular, the effectiveness of the procedure remains unclear. The authors aimed to collate the available evidence on the effectiveness and complications of deformity-correction surgery in patients with PDSI. METHODS The authors carried out a meta-analysis of clinical studies regarding deformity correction in patients with PDSI. The studies were identified through searches of the PubMed, Embase, Web of Science, and Cochrane databases. Surgery outcomes were evaluated and overall treatment effectiveness was assessed in terms of the minimum clinically important difference (MCID) in Oswestry Disability Index (ODI) values and pain levels according to visual analog scale (VAS) scores and in terms of restoration of spinopelvic parameters to within a normal range. Data are expressed as mean differences with 95% CIs. RESULTS Ten studies comprising 327 patients were included. The VAS and ODI values improved after deformity-correction surgery. The smallest treatment effect exceeded the MCID for VAS values (4.15 [95% CI 3.48-4.82]) but not for ODI values . At the final follow-up visit, the mean lumbar lordosis angle .01°]), thoracic kyphosis angle (31.10° [95% CI 24.67°-37.53°]), C-7 sagittal vertical axis (65.00 mm [95% CI 35.27-94.72 mm]), and pelvic tilt angle (30.82° [95% CI 24.41°-37.23°]) remained outside their normal ranges. Metaregression analyses revealed a significant effect of ODI change in relation to lumbar lordosis change (p = 0.004). After a mean of 2 years after deformity correction, the mean lumbar lordosis angle and C-7 sagittal vertical axis decreased by 5.82° and 38.91 mm, respectively, and the mean thoracic kyphosis angle increased by 4.7°. The incidences of proximal junctional kyphosis and pseudarthrosis were 23.7% and 12.8%, respectively. CONCLUSIONS Deformity correction substantially relieves back pain for about 2 years in adult patients with PDSI. Sufficient surgical restoration of lumbar lordosis can lead to substantial improvement in patient disability and reduced decompensation. Deformity correction represents a viable therapeutic option for patients with PDSI, but further technical advancements are necessary to achieve sufficient lumbar lordosis and reduce complication rates.
L umbar lordosis (LL) is unique to the human spine; intact sagittal spinal alignment of the spine enables humans to walk upright with minimal effort. 38 Decreased LL and increased thoracolumbar and thoracic kyphosis (TK) are hallmarks of the aging human spine, and the prevalence of spinal deformity is increasing in the elderly population as people live longer. 16, 43 Degenerative sagittal imbalance in the lumbar spine can refer to fixed sagittal imbalance, 7, 8 lumbar degenerative kyphosis, 44 primary sagittal deformity, 47 or degenerative flat back.
28,29
The umbrella term "primary degenerative sagittal imbalance" (PDSI) covers all degenerative sagittal misalignments of the whole spine and back muscle wasting associated with such misalignments. 28 Fixed sagittal imbalance, a syndrome in which the patient is unable to stand erect without flexing the knees and hips, can be considered a severe form of PDSI. 7, 8 In those with lumbar degenerative kyphosis, which is known as an elderly female farmer's disease in rural areas, especially in Korea and Japan, degeneration is regarded as the main pathogenesis. 18 As life expectancy continues to increase, PDSI is being diagnosed in a higher number of elderly people. 1, 4, 16, 23, 28 Patients in whom PDSI is diagnosed are usually elderly and typically show multilevel disc and facet degeneration and hypertrophy in the lower lumbar spine, poor bone quality, and atrophy and fatty degeneration of the psoas and paraspinal extensor muscles. 45 Therefore, conservative therapy, such as exercise and physiotherapy, is recommended as first-line treatment. 34 However, surgical treatment of PDSI should be considered for patients who complain of intractable pain in the lower back and loss of lordosis and who experience no response to conservative management. 30, 33, 34 Significant improvements in patient outcome after surgical treatment of spinal deformity have been achieved with the introduction of spinal fusion and implants for stabilization of the spine. 42 Nevertheless, deformity-correction surgery is still a challenging and complex procedure with high complication rates. 35, 42 Because of the high risk associated with this type of surgery, the poor musculoskeletal condition typically found in such patients, and precarious documented evidence, consensus regarding the effectiveness of deformity correction for PDSI has not yet been reached. Moreover, spine surgeons are under increasing pressure to demonstrate the clinical and costeffectiveness of the treatment, because spine care-related expenditures, which are typically high, are on the rise.
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The aim of the present study was to collate the available evidence on the effectiveness of deformity correction in patients with PDSI. To this end, we used meta-regression to analyze the relation between sufficient curve correction and clinical success.
Methods

Search Strategy and Selection Criteria
We performed a meta-analysis of clinical studies in which clinical outcomes and radiological changes after deformity-correction surgery in cases of PDSI were described. Our study followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines. We searched all records in the PubMed, Embase, Web of Science, and Cochrane databases published up to April 19, 2016 . The key words for the search were "degenerative and sagittal imbalance," "degenerative and flat-back," "lumbar degenerative kyphosis," and their synonyms. The reference lists of relevant articles found in the search were reviewed. We imposed no language restrictions on study eligibility. Data extraction and quality assessment were performed independently, and consensus was achieved for all data. Study results were compared with those in eliminated duplicate reports on the same patients, which sometimes required contact with the authors of a study.
Eligibility Criteria
A clinical study fulfilled the criteria to be included in our meta-analysis if its population consisted of adults (aged ≥ 18 years), degenerative sagittal imbalance and its surgical outcomes were assessed, and its results were provided as means ± standard deviations. In the case of overlapping study populations, we used the study with the largest population. We excluded case reports, biomechanical studies, cadaveric studies, review articles, letters, editorials, abstracts, interim reports, and commentaries. In addition, studies that enrolled patients with a neuromuscular deformity, iatrogenic sagittal imbalance, scoliosis, kyphoscoliosis, trauma, ankylosing spondylitis, or tumors were excluded. We performed analyses within each study cohort first and then performed meta-analyses across all studies using random-effects models.
The following aspects were recorded from each study included in our analysis: scoring systems used and grades reported, total number of patients, male/female ratio, mean age, study period, follow-up duration, country of origin of the patients, and data regarding complications. The outcomes of interest were improvement of clinical outcome scores and maintenance of spinopelvic parameters. The scores for the Oswestry Disability Index (ODI) 14 and visual analog scale (VAS) 39 for back pain were evaluated as clinical outcomes, because they were used most commonly in the studies reviewed. The overall treatment effect was compared with its minimum clinically important difference (MCID), defined as the smallest difference perceived by the average patient. When the magnitude of the treatment effect equaled or exceeded the MCID, we considered the treatment to have improved clinical outcomes substantially. 17 The reference MCIDs used in our study were 15 for ODI values and 3 for back pain VAS scores. 36 The spinopelvic parameters evaluated were LL, TK, C-7 sagittal vertical axis (SVA), and pelvic tilt (PT). The values of these parameters reported from the included studies, which are indicative of the overall effects of the treatment, were compared against previously reported age-adjusted reference ranges in elderly populations; the reference ranges/values are -45° to -75° for LL, 40° to 60° for TK, ≤ 75 mm for SVA, and 10° to 25° for PT. 3, 15, 26, 29, 48 Data regarding the frequency and nature of complications after deformity-correction surgery also were collected. Complications included pseudarthrosis and proximal junctional kyphosis (PJK), which typically result in fractures, subluxations, and long sweeping kyphosis above the fusion.
Statistical Analysis
The pooled results were analyzed by calculating the effect size based on the mean difference using the software Comprehensive Meta-analysis 3.0 (Biostat). The results from each study included in our meta-analysis were weighted by the inverse of the variance of the results for that study, which accounted for both within-and betweenstudy errors. To assess the heterogeneity of the results of individual studies, we used the Cochran Q test and the Higgins I 2 statistic (I 2 > 50% was used as a threshold to indicate significant heterogeneity). A random-effects or fixed-effects model was used, depending on the heterogeneity of each study included in the analysis. We assessed publication bias by visual inspection of funnel plots and by calculation of 2-tailed p values for the Egger intercept. Sensitivity analysis was performed by eliminating each study from the pool and determining whether the results of the statistical analysis changed. Meta-regression models were built using a moment-based method for selection of random effects. The models were used to explore the effect of LL correction in terms of clinical improvement. Results are expressed as means and 95% CIs. All tests were 2-tailed, and a p value < 0.05 was deemed significant.
Results
Search Results for Relevant Studies
An initial literature search using the chosen subject headings identified 117 studies in PubMed, 168 in Embase, 141 in Web of Science, and 3 in the Cochrane Central Register of Controlled Trials. Among these 429 studies, 88 were duplicates and were thus excluded. Also, 36 of the 341 remaining papers were excluded from our analysis for being a case report, review article, letter, technical note, or patent. After screening titles and abstracts, 147 studies about secondary kyphosis, 67 studies including patients with scoliosis, 49 studies of cervical spine disease, and 6 basic research studies also were excluded. The remaining 36 studies were subjected to a full-text review, and another 26 were excluded. These 26 articles were excluded because the studies used a mixed group, including patients with other degenerative diseases (n = 7), included no description of the standard deviation (n = 7), included duplication of enrolled patients (n = 6), used an incompatible evaluation tool (n = 5), or reported a follow-up duration that was too short (n = 1). Therefore, a total of 10 studies were included in our meta-analysis. Detailed results of the selection process are shown in Fig. 1 .
Risk of Bias Within Studies
Follow-up duration was described in terms of minimum or mean. Although the mean follow-up duration in each study was 24 months or longer, the minimum followup duration was 24 months in 7 studies, 18 months in 1 study, 23 and 12 months in 2 studies 9,31 (Table 1) . Reference ranges for spinopelvic parameters vary depending on the age group. In our study, we used reference ranges for the geriatric age group (> 60 years). However, the mean age in the Burkett et al. 9 study was 57.7 years, whereas the mean age in the other studies was greater than 60 years. In addition, the study by Kim et al. 23 included an 18-yearold patient. Although this patient satisfied the criteria for inclusion in terms of adult age (≥ 18 years), it is highly likely that degenerative spinal disease was not the main issue in that particular case, because PDSI usually occurs in elderly people. Therefore, some patients in the Kim et al. study might not have had degenerative spinal disease. In the study by Rose et al., 37 15 of 40 patients had degenerative sagittal imbalance, and our analysis included the results for only those 15 patients. Table 1 summarizes the key information extracted from the 10 studies included in this analysis. The selected studies included 327 participants. The countries in which the studies were conducted included the Republic of Korea (n = 7), the United States (n = 2), and China (n = 1). The average age of the patients was 62.9 years, and female patients accounted for 94.5% of all enrolled patients. The mean number of fused segments was 7.0 (range 4.9-9.2). In each study, the mean follow-up duration was 24 months or more. The surgical indications that the included studies addressed were adult age (≥ 18 years), loss of LL, a C-7 SVA of ≥ 50 mm, and a PT of ≥ 25°.
Results of Individual Studies and Synthesis of Results
Clinical outcomes, evaluated in terms of values for ODI and VAS of back pain, were found to have improved at final follow-up, approximately 2 years after deformitycorrection surgery. The ODI value at follow-up decreased by 18.11 (95% CI 10.99-25.23) from its baseline value of 37.29 ( Fig. 2A) . Although the mean difference in ODI values exceeded the MCID of ODI values (15 points on a 50-point scale), the lower limit of the 95% CI encompassed the MCID. We estimated that approximately 80.1% of the patients achieved an improvement in their ODI scores above the MCID, assuming that the values of the change in ODI had a standard normal distribution. The VAS score at final follow-up decreased by 4.15 points (95% CI 3.48-4.82) from its baseline of 6.70. Both the mean difference and 95% CI of the VAS scores greatly exceeded the MCID of VAS scores, which was 3 points on a 10-point scale (Fig. 2B ).
An overview of the spinopelvic parameters analyzed is provided in Table 2 . The mean LL angles were -3.95° (95% CI -13.30° to 5.40°) at baseline and -38.60° (95% CI -44.19° to -33.01°) (Fig. 3A) at the final follow-up. Decompensation of LL accounted for 5.82° (95% CI 3.35°-8.29°) of the difference between the immediate postoperative state and the state at a mean of 2 years after surgery (Fig. 3B) . The mean TK angle at baseline was 16.59° (95% CI 7.36°-25.83°), which is not substantially different from the reference range of TK values (40°-60°). At the 2-year follow-up, the mean TK angle was 31.10° (95% CI 24.67°-37.53°) (Fig. 4A) , and decompensation of TK was 4.70° (95% CI 0.59°-8.81°) (Fig. 4B) . The mean C-7 SVA at baseline was 174.59 mm (95% CI 133.16-216.02 mm), which is very far from the reference value for SVA (≤ 75 mm). The mean C-7 SVA at the 2-year follow-up was 65.00 mm (95% CI 35.27-94.72 mm) (Fig. 5A) , and decompensation of C-7 SVA was 38.20 mm (95% CI 7.06-69.33 mm) (Fig. 5B) . The mean PT at baseline was 38.23° (95% CI 35.20°-41.25°), which is far from the reference range of values for PT (10°-25°). The mean PT at the final measurement was 30.74° (95% CI 23.45°-38.04°) (Fig. 6) .
PJK occurred in 27 (23.7%) of 114 patients for whom data were available, and 2 patients (7.4%) underwent revision surgery. Pseudarthrosis occurred in 12 (12.8%) of 94 patients for whom data were available, and 5 patients (5.3%) underwent revision surgery.
Sensitivity and Meta-Regression Analyses
Single elimination of each study did not affect the overall results of the meta-analysis significantly. The result of the Egger test for C-7 SVA was 7.26 (p = 0.04), and the funnel plot of C-7 SVA revealed substantial asymmetry (Table 3) , which might indicate an underpowered analysis. The funnel plots of the other parameters were symmet- ric, which indicated an absence of substantial publication bias within the studies. The Egger test results for the other items indicated that no substantial publication bias in the data set existed (Table 3) .
Univariate meta-regression analysis revealed that the change in LL after deformity correction was the key factor influencing the overall effect size for studies that investigated postoperative ODI improvement (p = 0.004) (Fig.  7) . The squared correlation coefficient (R 2 ) value for this model was 0.84, which suggests a considerable relationship between LL correction and ODI improvement. Although we found a substantial relationship between TK and ODI change (p = 0.002), the increase in TK was not achieved directly via deformity correction but, rather, indirectly in response to an increase in LL. Results of meta-regression indicated no clear relationship between the SVA change and ODI change (p = 0.69). We found insufficient data for performing meta-regression analyses to determine the relationship between other variables and VAS score changes.
Discussion
Deformity correction for PDSI is highly individualized, and opposing views pervade the field of spine surgery in terms of the clinical and cost-effectiveness of this type of surgery. The results of our meta-analysis reveal that deformity-correction surgery improves back pain significantly, although ODI values did not indicate significant improvement. In the meta-regression analyses, higher LL achievement after deformity correction predicted better ODI improvement. Achieving sufficient LL correction via surgery might be important for achieving clinical success.
In the 2-year follow-up period, decompensation of spinopelvic parameters was not substantial. PJK can occur as a complication of deformity correction in one-fourth of the reported cases.
The mean baseline ODI and VAS values were 37.29 and 6.70, respectively, which suggests that patients with PDSI who underwent deformity-correction surgery reported very severe back pain and considerable disability. Our meta-analysis revealed that deformity-correction surgery substantially relieved back pain for approximately 2 years after the surgery, which is an encouraging result in the context of previous reports for the outcome of patients with PDSI who underwent nonoperative treatment and did not experience significant improvement in back or leg pain. 6, 41 The International Spine Study Group reported that patients who were treated nonoperatively for adult spinal deformity gained an average 0.27 MCID by the 1-year follow-up visit; of the patients who experienced significant improvement (defined as > 1 MCID), a 24% reduction in pain was revealed. 40 Thus, it was concluded that nonoperative treatment is a viable option for certain patients with adult spinal deformity of the mildest degree for whom surgery can be avoided; in contrast, patients with the worst baseline scores might be advised to proceed directly to surgery and avoid the unnecessary costs and prolonged discomfort of a futile nonoperative trial. 40 With respect to the outcome of limited surgery, a previous report indicated that the interbody fusion of short segments is ineffective at restoring sagittal balance. In patients with PDSI, alternative surgical techniques, such as corrective osteotomy, should be considered before performing limited surgery. 12 Although we found that ODI values improved after deformity-correction surgery, the lowest limit of the 95% CI for ODI change did not exceed 1 MCID. However, one should not conclude hastily that deformity-correction surgery had little effect on functional outcomes. The patients who experienced significant ODI improvement (≥ 1 MCID) accounted for 80.1% of the patients analyzed. The metaregression analysis revealed that ODI improvement was closely related with sufficient correction of LL. A previous study found that its group of patients with sufficient LL correction had substantially higher ODI improvement than its group of patients with insufficient LL correction. 32 For this reason, another paper introduced the rule LL = -(pelvic incidence [PI] + 10°) as an easy way to calculate sagittal correction preoperatively and a very effective method of planning for LL correction and good alignment. 2 Although we did not have access to the actual spinopelvic parameter values for each patient, a brief examination of the summary of LL values from all 5 studies that reported both LL and PI indicated that the above-mentioned criterion for LL correction was not satisfied. 9, 10, 22, 32, 37 This insufficient correction of LL is likely the reason why ODIs were not improved substantially after deformity-correction surgery.
PT is a representative positional parameter that reflects compensation for spinal deformity. One way to compensate for a positive shift in spinal sagittal alignment is for the pelvis to rotate into retroversion (increased PT), which leads to hip hyperextension or a decrease in the anterior coverage of the hip. 27 SVA is correlated closely with PT, and thus, restoring the PT to within the reference range is important for restoring ambulatory function by improving the range of hip extension. 27 In our analysis, the mean PT decreased by 7.41° after surgery, even though the mean LL angle increased by 34.65°. Surgery that results in sufficient LL correction (including correction of pelvic compensation) can succeed in restoring PT and SVA to within the reference range, which would likely result in substantial ODI improvement.
In addition to the LL correction achieved at the postoperative state, prevention of decompensation is another major goal of deformity-correction surgery. 5, 11, 25, 32 Sagittal plane decompensation is a key factor in adverse outcomes. 9 Our meta-analysis revealed that decompensation during the follow-up period resulted in a 5.82° decrease in LL, a 4.70° increase in TK, and a 38.9-mm increase in SVA, which indicates mild decompensation of spinopelvic parameters. Results of a previous study suggested that postoperative improvement in LL played a key role in restoring normal sagittal balance and preventing the occurrence of decompensation. 25 The authors insisted that a high postoperative C-7 SVA (≥ 50 mm) and an LL-TK angle of < 10° at 8 weeks after the surgery represent risk factors for sagittal thoracic decompensation. 25 In our meta-analysis, all the studies reported C-7 SVAs of < 50 mm and LL-TK angles of ≥ 10° in the immediate postoperative state, 19, 21, 32, 33, 37 which indicates that sufficient LL correction was achieved to prevent substantial decompensation; this observation explains why only mild decompensation was noted 2 years after surgery.
The results of our meta-analysis show that surgically induced LL was sufficient to prevent decompensation but not sufficient to restore pelvic compensation. The decision regarding which approach is best suited for achieving sufficient LL correction in any given case resides with the surgeon and typically depends on the surgeon's experience and expertise. 9 However, for achieving high LL, performing both posterior shortening and anterior release might be better than performing only posterior shortening. 9 Unfortunately, we did not have sufficient data to compare the outcomes of posterior shortening to those of posterior shortening combined with anterior release. Additional studies are needed to evaluate whether sufficient LL correction can achieve substantial ODI improvement and restore PT to within the reference range in patients with PDSI.
PJK is a common radiographic finding after long spinal fusions. The authors of a previous review paper reported that their prevalence rates of PJK varied widely, from 6% to 61.7%. 13 Although PJK occurred in one-fourth of the patients included in our study, the incidence of severe fracture or kyphosis was low. Numerous studies found that the clinical outcomes for patients with PJK were not significantly different from those of patients without PJK; only 1 study recently indicated that adult patients with PJK experienced more pain. 13, 20 Kim et al. 24 suggested that the Scoliosis Research Society outcome instrument is not adversely affected by PJK unless the PJK angle is > 20°. The prevalence of PJK after long spinal fusion for adult spinal deformity is high but less clinically significant; nonetheless, spine surgeons should try to reduce the risk for substantial PJK to prevent clinical deterioration. Some limitations in our meta-analysis need to be acknowledged and addressed. The first limitation is that we included single-treatment-arm studies. We had intended to compare the clinical and radiological outcomes of deformity correction to those of limited surgery or nonoperative treatment. However, it was impossible to find appropriate reports for such a direct comparison of patients with PDSI.
As an alternative solution, we compared the outcomes to reference MCIDs or reference ranges. It is difficult to know whether an improvement in pain with moderate improvement in the ODI might translate into clinical success. Although our approach might not have been optimal, it enabled us to provide an objective evaluation of the effectiveness of deformity correction in patients with PDSI. The second limitation is related to the heterogeneity noted in terms of surgical techniques used and patient characteristics, which might imply that the reported findings cannot be easily generalized beyond the cases studied. Various surgical approaches are used for correcting spinal deformity, and each spine surgeon takes time to plan the procedure carefully to achieve an optimal outcome in each par- ticular case. In our meta-analysis, we did not correct for the potential bias induced by surgeon preference or individual success rate; instead, we tried to evaluate the overall effectiveness of deformity-correction surgery in patients with PDSI in an effort to provide spine surgeons with an overall estimation of what can be expected in terms of risk and surgical outcomes. The third limitation is related to the rate of complications, which is a key outcome that reflects the effectiveness of surgery; many patients are reluctant to undergo deformity correction because of the risks of complications associated with the procedure. Because only 5 studies included in our meta-analysis reported complication rates, a statistical analysis of such outcomes would likely have been biased. Last, the majority of studies included in our meta-analysis were conducted in Korea and involved predominantly female patients. Furthermore, PI values have been shown to be smaller in Asian populations than in white populations. Therefore, it is difficult to judge precisely whether recovery of spinopelvic parameters to within the reference range was achieved, because LL is based on PI. In this context, our analysis might seem to lack generalizability. However, the incidence of PDSI is frequent in Asian women, particularly in Korea and Japan. 21 Therefore, the unequal representation of geographic region and sex in our analysis was an inevitable consequence of the epidemiological features of PDSI. Furthermore, it should be noted that the baseline PI angles were 58.9°-62.8° in patients from the United States and 55.1°-61.0° for patients in Korea, which suggests that racial differences in PI likely had only a minimal effect on the spinopelvic parameters assessed in our study.
Conclusions
Deformity correction substantially relieves back pain for approximately 2 years in adult patients with PDSI. Sufficient surgical restoration of LL in adult patients with PDSI leads to substantial improvements in disability and reduced decompensation. Deformity correction represents a viable therapeutic option for PDSI, but further technical advancements are necessary to increase ODI and reduce complication rates.
